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FOREWORD 


The work was performed by the CF6 Engineering Department of General 
Electric's Aircraft Engine Group, Aircraft Engine Engineering Division, 
Cincinnati, u.'ilo. The program was conducted for the National Aeronautics 
and Space Administration, Lewis Research Center, Cleveland, Ohio, under 
Subtask 2.5 of the CF6 Jet Engine Performance Improvement Program, Contract 
Number NAS3-20629. The Performance Improvement Program is part of the 
Engine Component Improvement (ECI) Project, which is part of the NASA Air> 
craft E.iergy Efficiency (ACEE) Program. The NASA Project Engineer for the 
rilgh Pressure Turbine Roundness Program was R. Anti. The program was initi- 
ated October 1978 and completed in June 1981. 

The report was prepared by W. A. Fasching, General Electric Program 
Manager and W. D. ri ^fard. Project Engineer, with the assistance of 
M.W. Thomas and M.P. Murphy. 
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1.0 SUMMARY 


Ah part, of the NASA Hponsored EiikIo • Component Improvement (ECI) Program, 
an Improved high pressure (HP) turbine stator has been developed to reduce the 
fuel consumption of current CF6-50 engines for today's wide-bodied commercial 
aircraft. The high pressure turbine roundness program consisted of the design, 
analyMls and manufacture of an improved HP turbine stator and its evaluation in 
an Instrumented engine test and an endurance test. 

The instrumented englTie test, using a heavily Instrumented CP6-50 engine, 
equipped with the improved hardware, demonstrated the feasibility of the 
roundness and clearance response Improvements. Application of these improve- 
ments will result in a net clearance reduction of 0.25 mm (0.010 in) for new 
engines which results in a 0.58 percent Increase in turbine efficiency and a 
0.31 percent reduction in specific fuel consumption (SFC) at takeoff power. 

The equivalent cruise SFC reduction is 0.22 percent. 

For a high time engine (3000 hrs) Improved roundness and response charac- 
teristics will result in a 0.5 percent reduction in cruise sfc. 

The CF6-50 ennine cyclic endurance test demonstrated a basic life capa- 
bility of the imp'o-ed HP turbine stator in over 800 simulated flight cycles 
without any sign of significant distress. 

An economic assessment of the Improved turbine applied to engines on the 
Boeing 747-200 and the Douglas DC-10-30 is Included in this report. 



2.0 INTRODUCTION 


National anargy daaand has outpacad dinaatic aupply craating an Incraaaad 
U.S. dapandanca on foralgn oil. Thia incraaaad dapandance waa draaatixcd by 
tha OPEC oil aabargo in Che wintar of 1973 to 1974. In addition, the eabargo 

triggarad a rapid riaa in tha coat of fuel which, along with tha potential of 

furthar irxra»ita<«i brought about a changing aconoaic circuaatanca witti regard 
to tha uaa of anargy. Thaaa avanta. of couraa, ware fait iu tha air tranapurt 
Induatry aa well aa other foma of tranaportat ion. Aa a result of thaaa axpari> 
encaa. tha GovernsMnt . with the support of tha aviation industry, has initiated 

programs aisMd at both tha supply and dasMnd aspects of Che problem. Tha supply 

problem is being investigated by looking at Increasing fuel availability from 
such sources as coal and oil shale. Efforts are currently underway to develop 
engine combustor and fuel systems that will accept fuels with broader specifica- 
tions. 

Reduc'.d fuel consumption is Che other approach to deal with the overall 
problem. A long-range effort to reduce fuel consumption is Co evolve new tech- 
nology which will permit development of a more energy efficient turbofan or the 
use of a different propulsive cycle, such as a turboprop. Although studies 
have indicated large reductions in fuel usage are possible (e.g.. 15 percent to 
40 percent), any significant impact of this approach is at least 15 years away. 

In the near term, the only practical propulsion approach is to improve the fuel 
efficiency of current engines. Examination of this approach has indicated that 
a 5 percent fuel reduction goal starting in Che 1980 to 1982 time period is 
feasible for current commercial engines. These engines will continue Co be 
significant fuel users for the next 15 to 20 years. 

Accordingly, NASA is sponsoring the Aircraft Energy Efficiency (ACEE) Pro- 
gram (based on a congressional request) which is directed at redneed fuel con- 
sumption of commercial air transports. The Engine Cixnponent Improvement (ECl) 
Program is the element of the ACEK Program directed at reducing fuel consumption 
of current commercial aircraft engines. The ECI Program consists of two parts: 
engine diagnostics and performance improvement. The engine diagnostics effort 
is to provide information to identify the sources and causes of engine deteriora- 
tion. The performance improvement effort is directed at developing engine com- 
ponents having performance improvement and retention characteristics wlilch can 
be incorporated into new production and existing engines. 

The performance improvement effort was initiated with a feasibility analy- 
sis which idenMfied performance improvement concepts and then assessed the 
technical and economic merits of these concepts. This assessment included a de- 
termination of airline acceptability, the probability of introducing the con- 
cepts nto production by the 1980 to 1982 time period, and their retrofit po- 
tential. The study was conducted in cooperation with the Boeing and Douglas 
aircraft companies and American and United Airlines, and is reported in Refer- 
ence 1. In the feasibility analysis task, the CF6 high pressure turbine round- 
ness concept was selected for development and evaluation because of its fuel 
savings potential and attractive airline payback period. The objective of the 
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hixh preasure (HP) turbine rnundneaa prograai waa to develop technology and to 
verify the predicted fuel savingu by engine ground teats. The HP turbine round- 
nena concept conaiated of the design, snslysis and aianufacture of an iMiproved 
HP turbine stator .or the CF6-50 engine and its evaluation in an Instruauintad 
engine teat and an endurance test. The results of the developKsnt and evalua- 
tion of the laproved HP turbine are presented herein. 
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3.0 TECHNICAL BACKGROUND AND APPROACH 


The objective of this program was to Improve the performance of the high 
presaure turbine of the CF6-50 engine. A croaa-sect ional view of the CF6-50 
engine is shown in Figure 1 and a detailed cross section of the high pressure 
turbine is shown in Figure 2. 

The main thrust of this effort was to reduce the blade-to-shroud clear- 
ance. Clearances were established such that blade-on-shroud rubs would be 
eliminated or minimized. In order to reduce this clearance, turbine out-of- 
roundness and clearance transient response must be controlled. Turbine out-of- 
roundness in conjunction with the basic turbine response characteristics re- 
sults in local rubs while adverse clearance transient response can result in 
rubs even for a totally round turb^.ie. That both roundness and clearance im- 
provements are necessary was obvious because rubs up to 1 mm (0.040 in) occurred 
in normal factory testing md revenue flight service, while calculations indi- 
cated that for a fully rounu engine clearances of 0.38 mm (0.015 iti) are feasi- 
ble. The results of the Engine Diagnostic Test showed that both t)ut-of-round- 
ness and clearance response must be improved (Ref. 2). 


3.1 ROUNDNESS CONTROL 


The control of the roundness of a gas turbine engine structure requires a 
balanced and thorough evaluation of all of the primary engine structural mem- 
bers. Figure 3 highlights and defines the critical structural members of the 
engine. Included are the fan casing, compressor casing, compressor rear frame 
(CRF) , the high pressure turbine (HPT) Stage 1 and 2 nozzle supports, the tur- 
bine tnldframe (TMF) , the low pressure turbine (LPT) casing and the turbine rear 
f rame (TRF) . 

Each of these components is subjected to varying levels of nonaxlsymmetric 
loading and thermal gradients which tend to induce out-of-roundness distortions 
in these components. These distortions tend to propagate through the entire 
If '. ’th of the engine. 

This program Implemented an analytical computer model, the General Electric 
CLASS MASS Program, to evaluate the magnitudes of out-of-roundess of each com- 
ponent and the effect of each component out-of-roundness. Typical models of the 
CF6-50 structural system are shown In Figures 4 and 5. 

CLASS MASS, while being an axlsymmetrlc structural analysis program, can 
calculate deflections and stresses due to nonaxlsymmetric loading and thermal 
gradients through Fourier Series approximations. However, nonaxlsymmetric 
frame structures must first be modeled on a three-dimensional structural anal. • 
sis program, and the deformations thus calculated applied to the CLASS MASS pro- 
gram as a boundary condition. The program used to supply the boundary condi- 
tions was the General Electric MASS structural analysis program. This program 
employs three-dimensional analysis and has the capability of handling nonaxisym- 
metric structures consisting of plate, brick, shell, and beam elements. 
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Figure 2. CF6-50 HPT Cross Section. 
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Transient angina conditions wara included In thaaa snalyaaB since tha 
■ost savara thanssl erfaf^j do not coincide, tiaavisa. vith tha aost severe 
loading affects. In addition, soae of these effects are off-satting. When 
tha ainiaua clearance point of the turbine blade and tip shroud was established, 
this daterainad, when coablned with clearance control %fork to be discussed 
later, tha level of tip clearance reduction which can be achieved by ellalna- 
ting haraful cosq>onent distortions. 

Turbine Midfraae Effects 

One of the principal causes of HPT stator out-of-roundness Is distortion 
of the adjacent structure. Previous analytical studies Indicated that radial 
distortions In the production TMF structural hat sections are the aajor contri- 
butor to HPT stator distortion. The HPT stator shrouds in the CFb-50 are sup- 
ported from the TMF forward flange Joint which Is connected to the TMF struc- 
tural hat sections by a sheet metal cone. Distortions In the TMF structural 
hat sections are transmitted to the HPT shrouds through this supporting struc- 
ture and were calculated to cause a 0.4 mm (0.016 in) inward distortion of tite 
HPT shrouds at steady-state takeoff. Distortions in the production TMF struc- 
tural hat sections occur due to: 

(a) Mechanical loading resulting from engine mvmnt ii'.'ictlons (the engine 
aft mount Is an integral part of the structural hat section) and in- 
ternal component loads being transmitted through the struts to the 
outer casing structure. 

(b) Temperature differentials within the TMF structure due to different 
thomal response rates throughout the structure, strut Internal air 
fomperature variations, and variations in the air temperature and 
'.leat transfer rates throughout the TMF. 

(c) Non-uniformity of the structural hat section stiffness around the 
TMF circumference. 

Analysis of HPT stator distortion resulting from TMF distortion was done 
using the General Electric structural analysis ciMsputer programs. The analysis 
method had been correlated by means of GK funded static testing of the full 
engine structure during which both the production TMF hat section and HPT stator 
out-of-roundness was measured. Three tests were run for the fol h>wlng loadings: 

(a) Vertical load reaction at engine aft mount points. 

(b) Torque load react ion at engine aft mount point. 

(c) Thermal loading where three of eight TMF struts were heated 90‘'C above 
the rest of the structure. 

The correlation between measured and calculated out-of-roundness for Ifie produc- 
tion HP turbine Is shown In Figures b through 8. 
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HP Turbine in Static Test, Torque Reaction Mount Loadinc. 



Hat Section 




The production TNF was rndnalgnod to roduc* Ch« ■tructural non-unlforulty 
and tharnal dif forantlals throughout tha atructura in ordar to raduca tha dia- 
tortlon of tha TMF and. tharafora. tha out-of-roundnaaa in tha HPT atator. 

Tha najor alananta in tha TMF radaaign vara aa followa: 

(a) Ralocation of tha angina ncunt pointa on tha outar caaing allowing 
tha atructural hat aactiona to bacoaa tha aana configuration around 
tha frana circuafaranca. Thla raaulta in unlfora atiffnaaa and tan- 
paratura of tha hat aactiona around tha circuafaranca. A coaparison 
battfaan tlia production TNF outar caaing and tha radaaign configura- 
tion can ba aaan in Figuraa 9, 10, and 11. 

(b) Tharaal inaulating linara wara addad to tha innar dlaaatar of aavaral 
of tha atruta. In tha praaent daaign tha atruta haat up to diffarent 
taaparaturaa of tha cooling and praaaurizat 1 on air routad into and 
out of the froaa through tha atruta. Tha (iddad linara wara daaignad 
to iaolata tha atruta fron tha cooling eff.^cta of thia ulr. Tha 
linar langtha and tha number of atruta to which linara wara added 
ware choaan to control the atrut teaiparatura differential. Tha atrut 
taoiparatura differential waa act to taka advantage of tha raaultant 
diatortion of tha atructural hat aactiona and to have tha atrut tem- 
perature variation diatortion cancel out tha diatortion cauaad by 
tha OMchanlcal and aiount loada. 

(c) A ahield waa added around the outalde of tha TNF/CRF flange Joint 
to iaolata tha flange from tha non-uniform cooling affacta of tha 
aecondary air flowing through tha aft core cimpat tmant . Thla aecond- 
ary air cools theae flanges non-uni formly around the clrcumferanca 
resulting in a non-uniform flange tamparature. Tha non-uniform 
flange temperature results in a distortion of the flange, wtiich In 
turn, distorts the HPT stator (Sea Figure 13). 

Analytical studies of tha redesigned TMF wara dona prior to tasting to 
predict the TMF caused HPT stator out-of-roundness and indicated an appr»>xl- 
mately 0.1 nan (0.004 in) inward distortion of tha HPT shrouds at steady-state 
takeof f . 

Two turbine midframes wara manufactured Incorporating the abitva roundnass 
coitrol features for use in angina tasting to demonstrate their aff«*ct on 
changing HPT stator out-of-roundnass . 

HPT Shroud Temperatu re Effects 

Since, as previously stated, roundness must be assured before any signif- 
icant work can be directed toward blade tip clearance reduction, the turbine 
shroud structure itself must stay round. In addition to being influenced by 
other engine structures, turbine structures may lose their roundness due to 
circumferentially non-uniform heating or cooling such as recirculation of hot 
flowpath gases into the cavities between the turbine flowpath hardware. This 
recirculation of hot gases can induce local overheating of the turbine struc- 
tutal members, causing them to deform. 
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Figure 9. Current Production Turblcc Midframe (Right Side) 
Forward Looking Alt. 
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Figure 10. Current Production Turbine Midframe (Left Side). 
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Figure 11. Eedeslgned Turbine Hidfraae with Engine Hount Points in Line with Struts 




Prevention of this occurrence cen be accompllehed by properly ehleldlng 
the structural manbers from the flo%rpath. Reduction in cavity size, creation 
of narrow, tortuous paths which hot gas must follow to be exposed to the sup- 
porting aeobers. and adequate cavity purge air are required to accoaplish this. 

To achieve this objective, a aodified CF6-S0 turbine support systea was 
designed. Figures 12 and 13 show the types of iaproveaents the final design 
contained to reduce recirculation. 

It should be noted that there is no calculated out-of-roundnesa associated 
with hot gas recirculation effects. The caphasis of this facet of the program 
is to eliainate the possibility of this unpredictable problea. 


Other Sources of Out-of-Roundneas 


Out-of-roundnesa caused by other sources, us investigated by the aethods 
of this program, were deemed to be negllble. When the magnitudes of the 
deflections caused by the turbine midframe are considered, this is certainly 
a justifiable assumption because the TMF effects must be controlled before 
any secondary effects would be evident. 


3.2 CLEARANCE CONTROL 


In conjunction with the improvements in engine roundness, a parallel effort 
focused on improvements in the turbine supporting structure which allow the es- 
tablishment of reduced turbine operating clearances. 


Clearance Transient Response 


Once turbine structural influences have been minimized, clearance control 
improvements can be defined. Experience has shown that steady-state engine 
operating clearances are set at some engine transient operating condition. Usu- 
ally, the "worst case," or minimum clearance condition occurs during a hot re- 
burst. This is defined as an engine decel from takeoff to idle, holding at idle 
for a period of time, generally less than five minutes, and then accelerating 
the engine back to full takeoff power. The turbine shroud support member, being 
considerably less massive than the turbine disk, cools quickly In comparison to 
the disk. A reacceleration of the engine, which occurs in approximately ten 
seconds, adds rotational stress growth and blade thermal growth to the disk 
thermal growth, very little of which was lost due to the slow disk cooling rate. 
The net result is a hot blade tip radius greater than that of the supporting 
structure, in which case a rub occurs. This Is shown graphically in Figures 14 
and 15. 


Elimination or minimization of the level of this rub does, therefore, es- 
tablish both the installed cold clearance and the steady-state hot running 
clearance of the turbine system, since the depth of rub is directly a function 
of the starting radii of ^he shroud and the blade tips. 
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Areas Where Hot Gas Can Recirculate, 
Heating the Shroud Support and Shroud 
Attaching Brackets. 



Design. 



krmmm Cloa«d or Mducod to L*s>on Hot Oaa Moirculatlon 
Coapononta Mvlaad and Sagaantad to Shlald and Inaulata 
xha Shrouda Support froai Hot Oaaaa 


riKura i:». Ri*vlatul Conf Iguriit Ion - CF«»-50 Turhino Support Syatom. 
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Fig:ure 14. Typical Hot Rotor Reburst 






Figure 15. Typical Hot Rotor Reburst - 2 aln After Dccel froa T/0 to Idl 





Therefore, n nodlf lent Ion of Che shroud decal transient response rate, so 
as to shn# down the radial Inward growth rate of the shroud, increases the 
clearance margin on a reburst. Rub severity is, consequently, reduced so 
steady-state running clearances can be reduced. Accel and cruise clearances 
were evaluated as well to assure that no significant losses occur during these 
phases of operation. 

Reduction in support structure radial excursion rate suiy be accomplished 
by increasing support mass, i.e., thermal inertia, by reduction in cooling 
cavity heat transfer to the supporting structure through the use of shielding 
or baffling or by substitution of support materials to achieve a more favorable 
thermal growth relationship. Figures 16 and 17 show analytically how the addi- 
tion of Rwiss and the inclusion of thermal baffling alter the support structure 
transient response. These figures also show how alteration of the support cn- 
vironsient to reduced temperature levels affect clearances. The figures are 
graphs of rotor and stator response as a function of time for an accel from 
stabilixed ground idle and a decel from steady-state take-off. The cold clear- 
ance between the Stage 1 hlade and shroud is 2 mm (0.080 in). 


HPT Shroud Materi als 

Alternate materials investigated included a class of alloys with "con- 
trolled" thermal expansion coefficients such as IN903, CTXl and CTX2. These 
alloys possess a characteristic unique to ferromagnetic alloys; that is, an 
Inflection point or "knee" in the thermal expansion coefficient curve. This 
"knee" occurs at approximately 427* C (8(X)* F) as shown in Figures 18 and 19 
which compare the thermal expansion characteristics of a typical turbine sup- 
port alloy (IN718) with those of an alternate material (1N903). 

This peculiarity of th • 'hermal -expans ion coefficient can be used to ad- 
vantage since tighter clearances can be set at high pever settings while main- 
taining more open clearances for reburst margin. These materials match closely 
the growths of the rotating structural cixnp(>o--nts above 427* C, while belcmr 
they lag the rotor growth. Therefore, an increase in the critical reburst 
clearance, as well at. an increase in the minimum accel clearance can be achieved 
from their use. These transient clearance increases can be used to reduce rub 
levels or to reduce steady-state clearances. Figures 20, 21, and 22 show the 
effect of 1N903 on turbine clearances for an accel, a decel and a two-minute 
reburst, and can he compared with Figures 23. 24, and 23 which are the clearance 
responses during an accel , a decel , and a two-minute reburst for the current 
IN718 stator. 

The cold clearance between the Stage I hlade and shroud necessitated by 
the controlled thermal expansion coefficient alloy is 2.82 mm (O.lll in) while 
that ot the current stator is 2.03 mm (0.080 in). 
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Figuie 16. Typical Accel Transient - Stage 1 HPT Support Structure. 
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Figure 17. Typical Decel Transient - Stage 1 HPT Support Structure 










Temperature, C 


Figure 19. Thermal Expansion Characteristics - Total Thermal Expansion 
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Figure 20. Typical Deed Transient - Stage 1 HPT 1-903 Support Structure. 





Figure 21. Typical \ccel Transient - Stage 1 HPT 1-903 Support Structure 
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Figure 23. Current Configuration - Inco 718 








Current Configuration 




The folloving Inproveaenta are poaalble ualng the controlled thermal 
expanalon alloy: 

Crulaa: 0.53 am (0.021 in) leas clearance 

Takeoff: 0.38 mn (0.01 u in) leaa clearance 

Reburat margin improvement: 0.25 mm (O.OlO in) 

The controlled thermal expansion coefficient alloys, 1N903 and CTXl , 
that weie studied during the preliminary design phase of this program, un- 
fortunately have some rather severe limitations. Material testing showed 
that these alloys exhi'jlted both notch sensitivity and a "stress corrosion" 
phenomenon. Another concern was that because these are materials which do not 
contain chromium, coating would be required to provide oxidation protection in 
most environments where their use would be beneficial. 

The stress corrosion phenomenon manifested Itself in a failure mode which 
is analogous to stress corrosion cracking in, for example, titanium alloys. 

Both IN903 and CTXl when exposed to moderate stresses and high temperatures 
480-700“ C (900° to 1300“ F) , failed by Intergranular failure. This phenomenon 
is called stress-accelerated grain bound.ary oxidation. 

Although other materials with the controlled thermal expansion coefficient 
characteristics desired, such as CTX2, were under development at design "freeze" 
time for procurement purposes, it was decided not to use 1N903, CTXl or CTX? 
in this engine Improvement program. The long lead times required to obtain 
material, manufacture hardware, instrument hardware, assemble, etc., necessi- 
tated this decision. 

However, it was decided to change the material of the shroud supporting 
structure from IN718 to WASPALOY. The coefficient of thermal expansion of 
WASPALOY allows some Improvement in tha decel respor se rate of the structure 
and when coupled with added mass, baffling, and cavity heat transfer improve- 
ments, provides a definitely Improved shroud supporting structure. 

The response of the WASPALOY structure Is shown in Figure 26 for a decel 
from steady state takeoff to ground idle, in Figure 27 tor an accel from grmind 
idle and in Figure 28 for a two-minute reburst. 

A coraparison of the pretest analytical results for the current design to 
the redesigned WASPALOY stator is presented in Table 1, which assumes a constant 
0.38 mm (0.015 in) rub resulting from a reburst. 
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Figure 26. Square Support - Uaspaloy, recel 







Figure 27. Square Support - Waspaloy, Accel 





Table I. Clearance Predict 




4.0 INSTRUMENTED ENGINE TEST 


The objectives of this test program were to evaluate the Improved high 
pressure turbine stator and turbine midframe performance improvement due to 
reduced blade-to-shroud clearance. 


4 . 1 TEST SETUP 

The test vehicle was a CF6-S0C engine S/N 455-507 » Build 20. The com 
ponent configuration Is described below: 


e Front Frame 

e Compressor Stator 
e Compressor Rotor 
e Compressor Rear Frame 

e Combustor 

e Fuel Nozzles 

a Stage 1 High Pressure 
Turbine Nozzle Assembly 
(Including mlnl-nozzle) 

• Stage 2 High Pressure 
Turbine Nozzle Assembly 

e High Pressure Turbine Rotor 
e Turbine Midframe 

e Low Pressure Turbine Nozzle 
e Exhaust Nozzle 

4.2 INSTRUMENTATION 


A standard CF6-50C front frame with 
rake pad capability to record compres- 
sor Inlet characteristic, if needed. 

Standard CF6-50C compressor stator. 

Standard CF6-50C rotor. 

A CF6-50C frame modified to receive 
clearanceometer probes, (Figure 29). 

A CF6-50C combustor. 

CF6-50C fuel nozzles. 

Improved roundness control CF6-50 
assembly. 

Improved roundness control CF6-50C 
configuration modified to receive 
clearanceometer probes (Figure 29). 

CF6-50C configuration. 

Improved roundness control CF6-50C 
f rame . 

CF6-50C configuration. 

CF6-50C configuration. 


Instrumentation was used to measure engine performance and to monitor 
engine operation. The instrumentation Is broken down Into four groups: 


genaral Inst ruaentat ion, aerodynaalc inatruaentationt turbine atructural 
Inatruaantatlont and clearanceoaater Inatruaentatlon. 

General 

• Baroaetric Preaaure - The local barometric pressure measured using 
a recording microbarograph. 

• Humidity - The absolute humidity measured in grains of oKiiature per 
pount of dry air using a humidity indicator. 

• Cell Static Pressure (P^) - Test cell static pressure measured at 
four locations in the cell. 

a Fan Speed (XNL) - Low pressure rotor speed meiisured using two fan- 
case-mounted fan-speed sensors. 

e Core Speed (XNH) - High pressure rotor speed measured using engine 
core-speed sensor driven off the end of the lube and scavenge pump. 

a Main Fuel Flow (WFM) - Volumetric flowmeter, facility mounted. 

a Verification Fuel Flow (WFV) - Second fuel flowmeter mounted in 
series with WFM. 

a Fuel Temperature - Temperature of fuel measured at the facility floW' 
meters using a single chromel/alumel probe In the fuel line. 

a Fuel Sample Specific Gravity (SGSAMP) - Specific gravity of the fuel 
sample measured using a hydrometer. 

a Fuel Sample Temperature (TSAMP) - Fuel sample temperature measured 
during the specific gravity measurement. 

a Fuel Lower Heating Value (LHV) - Lower heating value of the fuel 
sample as determined by a bomb calorimeter. 

a Thrust (FG) - Thrust-frame, axial force measured using three straln- 
gage-type load cells for redundant measurement. 

a Variable Stator Vane Position (VSV) - Readout of the Linear Variable 
Displacement Transducer (LVDT) attached to the high pressure com- 
pressor variable stator pump handle. 

a Variable Ble**d Valve Position (VBV) - Readout of the LVDT attaclied 
to the variable bleed valve actuation mechanism. 


Aerodynamic Pressure and Temperature 

The following rakes, probes, and static pressure taps were installed to 
measure airflow temperature and pressure as required to define component 
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' , — Clearanceoaeter 

Conpressor Rear Frame 1 J probe Opening 
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Figure 29. Improved Design Modified to Receive Clearanceoaeter Probes. 



p«rfonMnc«. (S«« Figure 30). 


• Fen Inlet (Plane 1) 

Bellaouth rakee t#ere installed to measure static pressure and total 
pressure at the fan inlet. Four rakes, each having six total pressure 
probes, six static pressure probes were used. Total temperature was 
obtained by averaging the output of 40 thermocouples mounted on the 
bellSKiUth FOD screen. 

• Booster Discharge (Plane 23 ) 

Five arc rakes, each having six temperature and six pressure probes, 
were installed to measure booster discharge total teisperature and 
total pressure. Ten taps were Installed t<» measure boi>Hter discharge 
static pressure. 

• Compressor Inlet (Plane 25) 

Five f low-pa th-^a 11 static pressure taps were installed. 

• Compressor Discharge (Plan e 3) 

Five of the borescope port plugs in the compressor rear frame were 
modified to permit compressor discharge static pressure measurement. 

A single 5-element thermocouple probe was used to measure compressor 
discharge temperature. 

• Low Pressure Turbine Inlet (Plane 49) 

Temperature in this plane was measured by eleven 5-element rakes with 
individual probe readout to permit monitoring of temperature profiles. 
Pressure was measured using five probes, each having five elements 
all feeding a single fitting. 

• L ow Pressure Turbine Discharge (Plane 50) 

Low pressure turbine discharge pressure was measured using four rakee. 
having five elements each. 

Structures 

HPT stator thermocouples. 24 Imbedded metal and 6 air thermocouples. 
HPT stator pressure probes. 4 basket-type pressure probes In the 
Stage 1 shroud cooling air supply cavity. 

Engine structure thermocouples. 

Engine structure coolinp air temperatures and pressures. 

• Low Pressure Turbine Interstage (Stage 1) 

Temperature and static pressure were measured at each of three cir- 
cumferential locations at the Stage 1 stator exit. 
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Plane 49 - LPT Inlet 

11 Tj Probes - 5 Eleaent/Indlvidual Readinc 
5 Pt Probes ^ 
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Figure 30. Instrumented Engine Test Instrumentation 



• LPT Th«focoupX«i 

A total of 32 aabaddad thoraocouplea wara Inatallrd in the firat two 
caaa hooka and 40 skin thenaocouplaa ware applied to the caae exterior. 


Claaranceoaetar Inetruaantatlo n 

The claaranceoaMtere were located at eight circumferential poaitions as 
ahown in Figure 31. The high preaaure turbine atator on the teat vehicle waa 
modified to receive the probca. The reworked atator componenta included: 

Stage 1 ahrouda, Stage 2 nozzle aupport. Stage 1 nozzle impingement ring and 
10th Stage air aeal aa ahown in Figuie 29. 

Each clearanccometer probe waa individually calibrated and checked during 
aaaembly on the HPT atator. A final reference calibration waa obtained 
during initial cold rotation and motoring of the engine. 

A proven light-beam triangulation technique was utilized for the clear- 
ance meaauring sensors. Data were collected f^r fixed-time intervals and 
individual blade clearances were obtained from each probe. Individual probe 
processors were used to store data from blade tips and the processor calculated 
blade roinirouiDt maximum and average clearances from the total collected data. 

A high speed data tape recorder was also used to Independently record individual 
blade clearances. 


4 . 3 TEST FACILITY 


All testing v;as conducted in Test Cell 2, Building 500, at the General 
Electric Company plant In Evendale, Ohio. The engine was mounted in an 
overhead frame consistent with all CF6-50 engines. A photograph of the engine 
Installed in the test cell is shown in Figure 32. 

Like most Building 500 cells. Cell 2 has access to the data recording 
systems in the Instrumentation Data Room. In addition to the standard test 
cell equipment, a clearanceometer probe cooling system was provided which 
utilized engine compressor bleed air. A microcomputer and high speed signal 
processor were used to collect and record the clearanceometer data. 

The data acquisition and processing system used in Evendale consists of 
a Cell System and a Site System. The Cell System performs steady-state and 
transient data acquisition, conversion to engineering units, quick-look 
performance calculations, and short-term storage. Converted data is auto- 
matically transmitted to the Site System for further on-line processing and 
hard-copy output. The Site System utilizes a data-base concept for efficient 
storage, retrieval, and reprocessing of current and historical data. In 
addition, data may be transmitted to the General Electric Evendale Time - 
Sharing Computer Center for further processing such as cycle deck analysis and 
comparison. 
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Data acquisition capability consists of 400 pressure channels, 400 
temperature channels, 10 frequency channels, and 28 d.c. voltages such ss 
load cells, individual pressure transducers, position potentiometers, etc. 

The pressure system consists of ten 40-port scannlvalves with avsllsble 
pressure ranges from ± 6.9 N/cm^ (10 pslg) through ± 344.7 N/c»2 (50C psig) . 
The system Incorporates autoranging and multiple sampling capability for all 
data channels to assure optimal resolution and precision in addition to 
variable averaging time for frequency measurements. Data may be obtained 
and processed in either a steady-state or transient mode. Typical steady- 
state acquisition time is 30 seconds with each parameter sampled 49 times 
over tin* 30-second time period. Transient acquisition rates are variable 
from one sample per second per channel to 250 samples per second per channel. 
Redundant measurements are made of key parameters such as fuel, flow, fan 
speed, and thrust. Automatic data rejection techniques, ratio of redundant 
mens irements, and on-line system-verification analysis further enhance 
overall data quality. 

All data are converted to engineering units on the Cell System and 
automatically transferred to the Site System. These are then used to run 
various data-ana 1 ys i s computer programs. Quick-look programs are available 
on tl.j Cell System to provide on-line hard copy of overall engine performance 
and health calculations. Simultaneously, these data are available at the 
Site System for hard copy and plotting of corrected overall and interstage 
performance characteristics. Knglneerlng units and/or calculated data may 
be transmitted to the Ceneral Klectrlc Evendale Time-Sharing Comnuter Center 
for archival storage and additional analysis such as cycle deck comparison. 


4 . 4 test J’ROCiaillR/, 

The actual test consisted of operating the test engine through the 
ft)l lowing engine test runs; 

a Cold motoring. 

s C round idle. 

• Slow accels and decels to and from takeoff power. 

s Sti'ady-state operation at takeoff power. 

e Several bursts and chops to and from takeoff power with specified 
time Intervals at takeoff. 

• Several rehursts to takeoff power after specified time intervals 
at ground idle. 

s Engine speed settings of sufficient numbers to establish the 
performance power calibration. 

A schematic presentation of the test sequence, showing power levels and 
times is given In Figure 33. 
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Figure 33. Test Sequence 











4.4.1 Performance Evaluation 


The performance portion of the test program was designed to evaluate the 
performance over a range of power settings after the engine reached steady- 
state conditions. Each power calibration consisted of two sets of power 
levels In descending order of fan speed with a short shutdown In between. The 
shutdown Is Included to assure testing repeatability. 

The data were analyzed using the General Electric Phase II computer 
program. This program has for Its basis a status cycle deck representative of 
the particular engine model being tested. Some of the key features of this 
data analysis program are: 

(a) For each test reading a pretest prediction point is run on the 
cycle deck at the tested conditions (ambient temperature, pressure, 
humidity, etc.), and this pretest point Is used to check the 
measerements for outliers. 

(b) Several alternate analysis paths are built in for determination of 
core flow, low-pressure system work, etc. In addition. It is 
possible for the user to select his own analysis setup. All of 
these analysis paths guarantee a balanced cycle; that Is, the 
solution is self-consistent and satisfies the continuity, momentum, 
and energy equations. 

(c) The built-in analysis options feature mission-data protection. 

When a measurement is missing, a suitable assumption is made to 
replace the measurement in the analysis; for example, when 
compressor discharge temperature is unavailable, compressor 
efficiency is held at the predicted level to effectively take its 
place. For a few key measurements, the analysis is terminated when 
they are unavailable, but for the majority of the measurements, an 
alternate analysis is performed instead. 

(d) At the conclusion of the analysis, the cycle deck is matched to the 
test data; that is, the cycle deck maps, etc., have been rescaled 
to be consistent with the measurements. 

(e) The data is adjusted to dry, sea-level, static, standard-day 
condition by running the rescaled cycle deck at the standard 
condition. This method for correcting the data eliminated the 
problem, encountered In the past, of trying to select a single 
number to represent, for example, the temperature effect on fuel flow 
Independent of power setting or type of day. This is particularly 
significant in modern engines because they employ more and more 
variable geometry. 
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4.5 TEST RESULTS 


4.5.1 High Pra««ur« Turbine Stator Roundn«»» 

The objective of this test was to demonstrate the roundnesa Isqirovement 
of the redesigned hardware. The roundneas Improvement of the turbine midframe 
and HPT stator will be dlacuaaed first and then the roundness during a throttle 
burst, chop and a 90-second reburst will be presented. 

The demonstration of the roundness improvement associated with the 
redesigned hardware was accomplished by measurement of TMF temperature vari- 
ations, TNF/CRF flange te'.'peratures , HPT stator support temperatures and engine 
operating parameters affecting TMF mechanical loads at specific engine 
operating conditions with the redesigned TMF. These measurements were then 
used to calculate the TMF distortion and resultant HPT stator out-of-roundness 
at the same condition. Comparisons of the TMF-caused HPT stator out-of-round- 
ness from this test with the redesigned TMF to that determined from the 
previous diagnostics testing (Ref. 2) with the production TMF were used to show 
the effectiveness of the TMF redesign. 

Temperatures of the structural elements in the TMF were measured at 
steady-state takeoff power at the same time the clearances in the high pressure 
turbine were being recorded. The significant engine parameters recorded at 
this condition, which are used to determine the mi‘ctianical loading on the TMF, 
are as follows: 


Fan Speed (RPM) 3762 

Core Speed (RPM) 10150 


Engine Thrust (N/lb) 217072/48800 

HPT exit temp (° C) 868 

HPT exit pressure (N/cra^/ 60.2/87.3 

PSIA) 

The measured temperatures in the TMF structural elements .ire shown on 
Figures 34 and 35. The hub temperature was measured at several circumferential 
locations. As no significant variation was noted, only the ave.*'age tempt rature 
is shown on Flguie 34. The temperature of both the forward and aft structural 
Hat sections was measured at »-hc base and apex of the Hat sections at several 
circumferential locations. These measurements were used to calculate the area 
weighted average and radial gradient at each circumferential location. This 
is the data shown on Figure 35. 


Temperatures on the CRF/TMF flange were measured at the radial midpoint 
on the CRF and TMF flange as a measure of the average flange temperatures 
which are shown on Figure 36. 


Temperatures were also measured at three locations on the HPT stator at 
the same engine operating points. These results are shown on Figures 37, a, b, 
and c . 

50 




. Aft Hat 

Casing Hat Section i Section 





Figure 34. Turbine Midfraae Strut Average Temperatures, Takeoff 
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Figure 35. IMF Casing Hat-Section Teaperature, Takeoff 










Calculaf d HPT Stator Out-of-Roundnaaa 


Th« mvaaured anglne data wcra uacd to calculate the HPT atator out>of- 
roundncaa at ateady atate take-off. The out-of-roundneea reaulting froa the 
thenaally and mechanically induced THF out-of-roundneea la ahown In Figure 38. 
The out-of-roundneaa cauaed by the HPT atator temperature variation la ahown 
In Figure 39. 


Meaaured HPT Stator Out-of-Roundneea 

The meaaured HPT atator out-of-roundneaa la determined by reaiovlng the 
manufacturing and aaaembly-cauaed out-of-roundneaa from the clearance probe 
mcaaurementa at each circumferential location for a given operating condition 
and then plotting thla data aa deviation from an average or round engine 
clearance. 

The manufacturing and aaaembly-cauaed out-of-roundneaa la obtained from 
cold motoring data. Cold motoring data la clearance probe data acquired by 
rotating a cold engine with the air driven ntarter motor. The clearance data 
obtained ahow the out-of-roundneaa cauaed by manufacturing and aaaembly. The 
probe-to-probe deviation from an average or ro.ind ahape la then uaed to 
correct any other roundneaa data. The :old motoring data la alao uaed to 
eatabliah the actual round engine cold clearance uaed In the clearance reaponae 
work. Thib' data la ahown in Figure 40. 

The meaaured out-of-roundneaa at the bteady-atate takeoff power point 
prevloualy mentioned la ahown in Figure 41 aa corrected for the manufacturing 
and aaaembly-cauaed out-of-roundneaa. 


Compj^i^l a on o f Cnlcu la ted and Meaaured Reaulta 

Figure 42 ahowa the total calculated HPT atator out-of-roundneaa and that 
meaaured during the test at the same engine operating condition. Reaaonable 
agreement exists between the measured and calculated out-of-roundneaa. 
Examlnatloi. of Figures 38, 39, 40 and 42 shows that the major contribution 
to the total out-of-roundneaa la the TMF. 

The changes made to the TMF were expected to produce less HPT out-of- 
roundness than ahown In Figure 38. Examination of the temperature data shown 
in Figurea 34 through 36 shows that there are two reasons why this did not 
occur : 

1) The effectiveness of the Insulating liners In the struts was not as 
great as anticipated; therefore, not as much of the mechanical load 
caused distortion was cancelled out by the strut-to-strut temperature 
varlat ion. 

2) The flange heat shield was more effective than anticipated reaulting 
in a greater change In distortion due to the CRF/TMF flange temper- 
ature variation than was anticipated. 
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Figure 40. Cold Monitoring Roundness Shape. 
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Flguri* 43 compar«?8 th»* calculated HPT atator out-of-roundness cauaad by 
the TMF for the production and redeHigned TMF at ateadystate takeoff. Both of 
the curvea ahown on thla figure were calculated ualng mcaaured TMF temperaturea 
and loading at comparable engine operating conditlona. Thla data ahova that 
the TMF redeaign does have a aignif leant effect on HPT out-of-roundncaa and 
that the TMF cauaed out-of-roundneaa can be minimized by a readjuatment of the 
elemt*ntK of the redeaign (l.e.. Improving ef f ect Iveneaa of atrut Inaulatlng 
llnera and taking advantage of the Incrcaaed ef feet Iveneaa of the flange heat 
able Id) . 


Koundne a a_ Jh» r 1 njj^ Tranalent Opera t Ion 

TIu' roundneaa of tlie Stage 1 shrouds Is presented for an accel from 
stabilized ground idle to ateady-state takeoff (Figures 44 through 53); a 
decel from steady-state takeoff to stabilized ground Idle (Figures 54 through 
65); and a reburst after 90 seconds at ground Idle (Figures 66 through 74). 

Tfie clearance probes were very Intermlttant during the 2-mlnute reburat 
and, therefore, the out -of-roundneas could not be established. These 90- 
second reburst plots show the immediate effect upon roundneaa of the mechanical 
loads and tfu' slow effect of the thermal loading. It should he noted that thla 
out-of-roundness is not worse than tlie out-of-roundness at the minimum point 
during an accel from stabilized ground Idle (Figure 48) or a decel from 
steady-state takeoff (Figure 60). Therefore, any rubs resulting from rebursta 
are caused by an average clearance response problem and not from out-of- 
roundness . 


4.5.2 Tranjslent R espo nse 

Tin* clearanci response characteristics of the shroud and the rotor 
structure, after roundness h.«s been established, are the criteria that 
established the turbine operating clearances. These clearances are primarily 
established by the response characteristics during a decel although those of 
accel and rebursts must also be considered. 

The clearance response data shown were obtained by averaging the clear- 
ances measured by the eight circumferentially spread clearance probes. These 
average curves were then modified, since all of the tests were not performed 
on the same day, to reflect those ambient conditions considered to be standard. 
The predicted values that correspond to these measured clearances are also 
plotted. The clearances showit are those of the Instrumented engine which 
contains certain nM-idlf Ications necessary to accommodate the clearance probes 
and i>ther instrumentation. The clearance responses are, however, very 
similar to those ot a product ion configuration CF6-50 engine. 


Dece 1 from Steady-State Takeoff to Stabi l ized Ground Idle 


The measured and predicted clearance response during a decel are 
presented in Figure 75. The agreement between the measured curve and the 
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Figure 63. HP Turbine Stator Out-of -Roundness, 
715 Seconds into Decel. 
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FlRure 7-1. HP Turbine Stator Out-of-Roundness , 
300 Seconds Into Reburst. 
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predicted curve la good. There la a alight mlaauiCch which la probably dua Co 
heat tranafer Inaccurac lea. The clearance during a decal froa ataady-atate 
takeoff la character lead by three reglona. The flrat region repreaenCa a 
clearance Increaae due to loaa of apeed and other aiechanical effecta. The 
aecond region la a clearance decreaae becauae the atator la cooling and cloalng 
around a at 111 warm rotor. Finally, the atator cooling atopa but the rotor 
cont Inuea to cool caualng clearance to Increaae. 

Accel J_ri« Sta bl llred Ground Idle t o Steady-State Takeoff 

The meaaured and pr ‘dieted clearance reaponaea during an accel are aho%m 
In Figure 76. Again, the correlation between meaaured and predicted clearance 
la quite good. The predicted reaponae auggeata more cloaure early Into the 
burat than waa meaaured. Thla reflecta dlfferencea between real*englne and 
aaaumed tranalent heat tranafer ratea. Other poaalble aourcea of mlaaiatch, 
both for the accel and decel, arc thoae modi f Icat Iona neceaaary to cauae the 
data to reflect an engine whlcli la alwaya run to the aame ambient condltlone 
and which exhibit a conatant engine performance functlona. 

An accel aiao containa three apeclflc reglona. Clearance decreaeee aa a 
result of Increaaed rotor apeed. The atator atructure then warma, Increaalng 
clearance and finally, clearance decreaaea becauae the rotor alowly obtalna 
the steady-atate temperaturea . 


Reburat a 

A reburaf la a rapid accel from idle to high power after the engine had 
previoualy run at high power for a time aufficlent to heat up the rotor com- 
ponenta. The apecified dwell time at ground idle prior to accel la uaed to 
identify the reburat, for example, a 4 min. reburat would have a 4 min. Idle 
dwell time prior to reacceleration. The clearance characterlat lea of a reburat 
are a composite of thoae of a decel and accel. The minimum clearance during a 
decel occurs when the atator haa cooled but the rotor la atlll quite warm. 

When an accel occura from thrae condlciona, the additional loaa of clearance 
due to speed and other mechanical effecta cieatea a minimum clearance condition 
The clearance during the decel la the determining factor for the minimum 
clearance since the mechanical closure during an accel is essentially constant. 

A t.imily of reburst clearance response curves with idle dwell tiOMS of 
H, b, 4, 2, 1.3, 1, and 0.3 minutes la presented in Figure 77. Bach curve 
starts with the clearance Just before the final accel from the apecified idle 
dwe 1 1 t i me . 

A two-mlnute reburat was analytically aasesaed aa that which yields the 
minimum clearance or even a blade-on>ahroud rub, dapandant upon tha cold 
clearance. However, for this particular test vehicla* 455-307/20, tha minimum 
clearance condition was obtained during a 90-aecond raburot aa shown on Figure 
77. If the decel curve (Figure 75) ia asaalnad, it com ba observad that tha 
clearance la changing very little from approximately 10 saconds to 250 aaconda. 
Since atator and rotor heat transfer ara aach rontcaClXg for domination in this 
region, the secondary effecta, auch as aetoal met iX tkicknaaoea and composition 
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Flfure 77. Measured feeburst Curves 




true rotor spood, •tc., b«co«» wry laportant. It la In thla raglon that 
angln«-to>angin« dlffarencaa will br obaervad. 

On# ol the objevtlwa uf thla taak waa to drrrcaaa the aanaltlvlty tu 
raburat, l.a., Incrvaaad raburat auirgln, uf tha turbine. Thla will ba damun- 
atratad by roaparlaun to the production turbine. A almllar aerlaa of raburat 
claarancaa waa obtained during the Ulagnoatlca tearing (Kaf. 2). .> examining 

the c'.oaura from the ateady-atute takeoff point to the mliilmum re.> 'at clear- 
ance point, the Dlagnoatlca teatlng reburat result a may be compared to tha 
reburat data obtained during thla teat. A graph uf the cloaure from ateudy- 
atate takeoff to minimum reburat clearance la sho%m in Figure 78. Thla graph 
exhlblta the reburat nuirgln improvenwnt afforded by the radeaigned componenta. 

For the taoat aevere reburat ci>iidltlon the Improved atator componenta ahow 
an lmp.*ovement reburat margin ol 0 Ifll nan (O.OIS In). Thla meana that If 

thla were the only crltcrit'n which ii.id to he evaluated to aet claarancca, the 
Improved a^tor componenta would allow eatubl lahmi>nt of a reduced tip clearance 
of thla magnitude. Aa the ground idle dwell time prior to reburat ia Incteaaed, 
the Improvement leaaena. Since there la leaa cloaure and therefore leaa 
tendency for the longer dwell time (greater than 1 minutes) reburata to cause a 
rub, the need tc Incre.iae the nuiiKln during the longer swell time reburata waa 
not considered significant when compared t«i the cloaure problem «»f the ah»)rter 
dwell time rebirita. 

A 90-aec'»nd reburat waa not performed during the Dlagnost ii teatlng. The 
curve vhc'wn fa baaed on a atatiaticiil curve fit of the Dlagnost jta reburat data 
(Ref. 2). 

c . 5 . 1 

t.nglne perton..ance waa monitored througliout the teatlng to assure that 
nealth of the complete engine was known. A i-omplete computer study of the 
pe .'f orniiince ol the teat vehicle waa conducted including efficiency, exhauat gas 
t .‘mperat ur» , and ape» lllc luel conaumpt Ion ca 1 1 ul at i«>na . (Sts* paragra|>h 1.1). 

This .eat vehicle, 4b.S-b()7 Build 20, waa ua»‘d to eatabllah the effect of 
Stage 1 bl ade-to-ahroud clearaiue upon perlormance for the Dlagnoatlca teatlng 
(Ref 2). Since that t cat 1 ng eat ab I i ahed the base 1 Ine , "n 1 v an analytical 
determination ol those performance Improvements, such aa flow-path Improvements, 
not aaaoclated with clearance reduction, could be nuide. The meaaurement a taken, 
after analytical removal »)l tlu‘ per t »>rmanee ehangea due to i'learane«- changes, 
showed no other diacernlble elU-its on engine or high pressure *urblne 
performance. This was expi*cli‘J becausi* the non-i' I iMrane»*/roundnesa changes 
w Te anvt 1 1 and, II init)rpi'iat i-d bv l lumae 1 vea , wmiUI not be »*xpei'ted to be 
meaaureaole on the basis ol a aingle engine le.st. 

T)ie effect of clearance ehangi on p*rformance waa esrahllshed In Diagnostics 
Progri’m testing (Ref. 2). It was determined that an increase in Stage 1 clear- 
ance jf 0.432 mm (0.017 in) resulted In a decrease of 1 percent In turbine effi- 
ciency. These values were used In the final evaluation of the roundness/clearance 
performance Improvement co'' :e pt . 
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4.5.4 Appi Icat Kt*«u 1 1 m 


Turbii u* >Ud 1 r«^ 

Althoui(b the nuiKnituilt' of th«* TMK cauNod HPT hi at or mit -of -roiindnoHN won 
not appreciably reduced by tite THF redealttn, the dlatorted ahape waa alitnltt- 
cantly changed. Klgurea 18 and alntw that the TMK redeatgn over-compenaat ed 
for the uut-of- roundneaa cauaed hv the pieaent TMK deatgn. By reviaing aona* of 
the elt*ae*nta Incorporated *.n the ledeaign ol the TMK t lie amount ol coni|>enMat Ion 
can be reduced reaulting in leaa total lll*T atator out -ol -roundneaa . The elenautta 
ol the TMK redeaign, which would be revised to acci>mpllah thia, are the strut 
temperature control and CKK/TMK I lange aliteldiug. Baaed on the analysis ol 
results from the testing accomplished under this program, it is estimated that 
the HPT stator out -ol -roundness (max. iuwaril distortion) could be rediued bv 
O.IS - 0.2S mm (0.00b - O.OlO In) bv .i revision to these areas. I'hls lesulls 
In a maximum ol 0.1) mm (O.OOS in) out -ot -rouudness at st eadv-st .it e l.ikeoM. 


l’leaj;ance Ke spouse 

Since the turbine studleil during this test was moiiltU‘d t «' .illow I lie use 
of c Iearanceomc>ter probes and other insi rumeiit at iiui , a studv was made ot .i 
coni igurat ion which would hi> represent .-it i ve ot «me which woultl be used in 
revenue service. The results ol this test, such as temperature, pressuti's, 
heat transfer rates, etc., have been Implementeil Into the heat transler and 
aerodynamic models of the high pressure turbine area. The c learan*ei>mi‘l ei d.it.i 
have provided information allowing changes to the structiiial mi'ilel. I'hesi* 
concepts have been combined and a cl»*arance response picture «»l a d»*slgn 
suitable lor revenue service is present eil. The cliMiance during a de«-el I i i>m 
steady-state takeot I to stabill.'eil grkMiiul lille is shown In Klguii' /d. The 
clearance during .in accel I rom stabilt/eki gnMiiul iille i >' st .ib i I I ,’e«l takeott 
is shown in Figure HO. 

As a result ot the roundness Impiiwemenls to the turbine midi rame ,i 
virtually round turbine can be obt.'ilneil. Ihe turbine jiperat Ing cleaiam-es 
i-an now be determined by the i ound I'ligiiie response iil the shr»nid suppi'it 
structure and the response ol the rotor. I'he i- 1 «m r.itue .it t .-i i nab I «' bv the HPT 
stator redesign are slu'wn in the tol lowing t.ible: 

Round Kn^lne Ole.ir.ince Summ.iry, mm (in) 


Steady-St at c t'o ' ' 

('ruise Taki'ol I Min i l Min Kelnii st rii-aiain e 

0.Sb(0.022) 0.28(0.011) 0./l(0.02H) 0.6^1(0.02/) -0 . 1 8 ( -0 . 00 7 ) 2.01 (tl.080 

When these results are aiijnsted t »> .ilK>w a c.ilciilateu 0.18 imn (0.01*) in) 
rub (this Is the same magnitude ol rubs .is expel lenceil bv the prodin t i*>ii 
engine) at the most limiting rebnrst lase, tlie tol lowing results: 







Figure 80. Analytical Model of Clearance Versus Time During an Accel (Ground Idle to Takeoff). 




A dJuMted Rou nd Engine Clearance Suawmry, imb (In) 

Steady-State Cold 

Crulae Takeof f Min. Accel Mi n Decel Reburat Cle arance 

0.1h(0.()14) 0.08(0.00)) 0.51(0.020) 0.A8(0.019) -0. 38(-0.015) 1.83(0.072) 

Ci»mi)oj«l te Pi ctur e 

The clearancea given in the preceding table repreaent the mlnlmtun clearances 
which yield a 0. 38 mm (0.015 in) round engine rub during a 90-120 second reburst. 
This clearance state does not represent the clearances required to eliminate 
rubs resulting from turbine midframe and assembly-caused out-of-roundness. 

The effects of out-of-roundness are local rubs. By removing material from 
the shrouds only in the areas adversely affected by the repeatable out-of- 
roundness, rubs can be eliminated and the overall effect on clearance minimized. 
Such a shri>ud shape, obtained by a preferential grind, la currently used by the 
CF6-50C engine and will be required with the roundness/clearance Improvement 
hardware (Figure 81). 

The following tabulation shows the effects of turbine midf raroe-caused 
out-ol-ri>uiulness, assembly-caused random out-of-roundness, and structural 
response upon the c’earances of the current CFb-50C and those which result 
from the use of the hardware developed by thin program. 

Current CFb- 50C Cle arance, mm (in ) 

Round Engine Steady-State Takeoff 0.4b (0.018) 

Preferential (irlnd Clearance Adder (based 0.13 (0.005) 

on current, empirically determined shroud 

grind) 

Total Steady-State Takeoff Clearance 0.58 (0.023) 

Measured Repeatable Out-of-Roundness 0.38 (0.015) 

from TMF (Rel . 2) 

Assembly-Caused Random Out-of-Roundness 0.20 (0.008) 

Improvjk^ Hardware Engine Clearan ce, mm (In) 

Round Engine Steady-State Takeoff 0.28 (0.011) 

1 0.08 (0.003) Round Engine Clearance plus 
0.20 (0.008) Assembly-caused Out-of Roundness 1 

Preferential Crlnd Clearance Adder 0.05 (0.002) 

(based on TMF-caused Out-of-Roundness) 

Effective Clearance at Steady-State Takeoff 0.33 (0.013) 
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At i'ruini>, the CF6-50C engine Hub 0.86 im (0.034 In) effective clearance 
nml the reiloHlKned hardware allown a 0.61 imn (0.024 In) cruise clearance. 

Theref«>re, a 0.2S mm (0.010 In) improvement in new engine cruiae clearance is 
poHsible. Again, conaidering out -of-roundnesa effects and new engine clearances, 
the current CF6-S0C would sustain a total 0.71 mn (0.028 in) rub during a 90-120 
second reburst while the redesigned hardware would incur a total 0.38 mm (0.013 
in) rub from the same rehursts. Consequently, a long-term engine which haa been 
suhlected to rehursts would realize a 0.33 mm (0.013 in) decrease in clearance 
in addition to the initial ^.25 mm (0.010 in) clearance decrease for a total of 
0.38 ram (0.023 in) less clearance by utilizing the improved hardware. 

This clearance reduction translates to an Improvement of 0.58 percent In 
turbine efficiency and a 0.31 percent reduction in specific fuel consumption at 
takeoff p»>wer when using the derivatives determined from the Diagnostic testing 
(Ref. 2). The equivalent cruise SFC reduction is 0.22 percent. 

The above improvement is for a new engine; for a long-term engine (3000 hrs) 
the roundness improvement amounts ti> .in Increase of 1.34 percent in turbine ef- 
ficlencv and a 0.71 percent reduction In specific fuel consumption at takeoff 
power. The equivalent cruise SFC reduction for a Ion) term engine is 0.50 percent. 
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).0 ENGINE ENDURANCE TEST 


Th« objectives of this test were to deaonstrste the life capability and 
the perforwance deterioration characterlsL ics of the iaproved clearance re- 
sponse HPT stator hardware and the iisproved roundnesn turbine aidfraae. 


5.1 TEST S ETUP 

The t»*st vehicle for this teat was n aodel CF6-50 engine. Serial Nuaber 
455-509. Build No. 7. The engine waa configured with the HP turbine atatur 
roundnesa hardware and a modified turbine midfrome. The teat vehicle waa in 
atruaented with standard Inatrumentnt ion to monitor the engine «>peratlon. 

"ne teat was conducted at Site V-B at General Klectrlc'a Peebles, Ohio 
Prov?!.,"^ Ground. Figure 82 sh«.>WK a photograph of the CF6-50 engine Inat ailed 
at this site. 


5 . 2 TEST PROCEDURE 


The endurance testing conalated of running 842 "C" cycles, aa deacrlbed 
In Figure 83. Initial teatlng was halted .ifter Cycle 16 because ot Increaaed 
fan vibration. Boreacope inspection shcwi'd Iteavy damage to the compressor air- 
foils. The engine waa returned to the Evendale Plant for failure analysla and 
compresHor airfoil replacement. An.ilysls Indicated that the failure was caused 
bv the Impact of a foreign object. 

The rebuilt engine was re- Installed at Site V-B and testing continued. 
Testing was again halted when a borescop»* Inspection of the HPT showed Stage I 
bucket cracking. A total of 842 ”C" cycles had been completed by this data. 

The engine was returned to the Evendale pl.int for a teardown Inspection. 


5 . 3 TEST R ESULTS 

Results of the endurance test are highly encouraging. All hardware remi>ved 
after 842 "C" cycles looked unusually giuid . It should be noted that factory 
endurance engines are tested ti> EGT limits 10° C higher than fully deteriorated 
field engines operating without derate. The ci>ndltlon ol the h.irdw.ire, .is ob- 
served after test, is described by the tol towing Itemizations. 

Stage 1 No zzles 

Inner platform burning and cracking Is evident on the HPT Stage 1 nozzle 
vanes. This distress Is attributed to the cimibustor temperature profile. The 
Improved Stage 1 nozzles are in satisfactory condition except for the combustor- 
caused distress (see Figures 84 and 85). 
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Figure 82. CF6-50 Engine Installed at Site VB. 
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Figure 83. "C” Cycle Definition 
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Figure 84. Front View of Stage 1 Nozzles Showing Inner Platfon Burning 
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Burning and Cracking. 



Sff 2 Hoiiiw 


Th« outer pletfonM of the Stage 2 noiflee exhibit cracking (aee Figure 
86). Thla cracking waa cauaed by the "double -hook" feature which aounta the 
aft ond of the Stage 1 ahroud. The ahroud retention feature of the atage 2 
noxxlea waa reaoved to reflect a dealgn alallar to the current CF6-50 "C" 
clamp design. Thla change la ahown In figure 87. Thla la a necessary change 
since the "double-hook" feature was difficult to assesible and endurance testing 
of modified nostles without the "double-hook" showed that the platform cracking 
was caused by this feature. 

In the case of the stage 2 nossles the gas recirculation fix proved to bo 
more detrlswntal than the potential problem of recirculation (see Figure 13). 


Stage 1 Shrouds 

The Improved solid shroud configuration was tested on Engine 435-509 
builds 8 and 8a. The shrouds were tested for 1034 "C" cycleo. 

The Improved shrouds performed very well. Minimum dlatress was noted. 
The design sustained rubs without appreciable deterioration. None of the 
film cooling holes were plugged or restricted. 

Figure 88 Is a photograph of solid shrouds on either side of a standard 
production shroud. It can be seen that the solid shroud on the left took a 
fairly wide rub and that the film cooling holes are all open. The surface Is 
smooth and uncracked. The shroud on the right also took rubs without signifi- 
cant daouige. This shroud shows some thermal distress on the right circumfer- 
ential split line. These parts are typical of those tested. Overall the con- 
dition of the Improved shrouds was excellent. 


Stage 2 Shrouds 

The Stage 2 shrouds are in excellent condition (see Figure 86). Compared 
to current production Stage 2 shrouds, these shrouds show less distress and 
should significantly reduca the loss of performance associated with snroud 
deterioration. The elimination of deterioration caused by operation, especial- 
ly that wear and tear resulting from lor.t' exposure to the environment of a high 
pres jure turbine, was the goal of the stage 2 shroud redesign. 


Stage 2 Shroud Frrward Hangers 

The stage 2 shroud forward hangers have cracks originating at the shroud 
positioning hole at the hanger center. This cracking is probably due to the 
stlffer Stage 2 shroud. 
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Figure 86. Aft View of Stage 2 Nossle Assembly. 











standard Production Shroud 
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Figure 88. Stage 1 Shrouds. 




Inff tag* 


Minor cracking originating froa tha bolt cutouts in th* aft diacouiagar 
tip portion of tha aaals was obsarvad (aaa Figura 86). Saw cuts and and holas 
havs baan incorporatad Into tha dasign to allalnata this problaa. Soaa waar 
on th* forward tip whara tha ataga 2 noaala fits was also apparant. A coating 
which rasists waar will b* addad to this sraa. Otharwlssi th* saala coaplatad 
tasting In satisf'^ctory condition (Plgurs 89). 


RsMlndar of Stator Hardwara 


Th* raaalnlng hardwara. l.a.. Stags 2 nosala support, laplngaaant ring. 
Stags 1 shroud forward hangar. Stag* 2 shroud aft hangar, and tha saala assoc 1- 
atad with tha Intprovad shrouds and nozslas, coaiplatad tha anduranc* tast in vary 
good condition. No dlstrass or cracking Is avldant, and waar pattarns appear 
to ba In tha correct position and depth (Figures 88 and 90). 


Turbina Mldfraae 


Posttast visual inspection revealed two areas of dlstrass: 

1. A 63 mo (2-1/2 Inch) crack In tha outer casing weld joint between the 
No. 2 strut end/mount casting and the aft sheet metal "hat section" 
stiffener. This crack was In the esntar of tha weld bead Indicating 
that It occurred due to a poor quality Initial manufacturing weld rath- 
er than due to excessively high operating stresses. These types of 
cracks typically occur In the weld "heat-affected zone" iimr:dlately 
adjacent to the weld. 

2. Seventeen liner cracks occurred in the liner fairing to shell fillet 
inserts at the fairing leading and trailing edges. The liner useJ in 
this frame was a used liner Identical to that used In current field 
turbine midframe assemblies; the cracking Is typical o' that seen In 
field service, although more severe than would he expec d from this 
amount of running. This was caused by the unusually hlgn operating 
temperatures encountered due to a combustor temperature profile problem 
associated with this engine build and not associated with the changes 
made for roundness. 


Summary 

The endurance testing of the hardware designed under this contract has been 
successfully completed on a CF6-50 engine at the Peebles Proving Ground Test 
Facility on Site V-B. The engine was run for a total of 842 simulated revenue- 
service cycles. 

Overall, the endurance teat results are very encouraging. The problems 
encountered are well understood and are being corrected by minor design modifi- 
cations. The modifications will be Incorporated in the next factory test engine 
utilizing the roundness performance Improvement configuration hardware defined 
under this contract. 
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Depicting Hardware Condition. 
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Figure 90. High Pressure Turbine Stator Stage 2 Module Asseably After 
842 "C" Cycles. 


6.0 ECONOMIC ASSESSMENT 


Th« HP turbine roundneae concept wee evaluated by Boeing and Douglaa under 
the feaalblllty atudy of the prograa (Reference 1). Since the concept would 
reduce afe deterioration, the beneflta ''uld Increaae with engine age relative 
to current englnea cT co«pa*atlve ane. *efore, thla concept waa analyaed to 
detemlne potential fuel aav.'nge ' 'glnea flth 3000 houra alnce laat high 
preaaure turbine maintenance. 

The eatlmated reduction .rulea *fc f ^r englnea trith 3000 houra la 0.5 
percent. Application of roundneaa concept will reault In the following 
block fuel aavlnga 


HP TURBINE ROUNDNESS 
BLOCK FUEL SAVINGS (3000 HRS) 

(Minimum Fuel Analysla) 


AIRCRAFT 

RANGE 

km 

FUEL 

kg 

percent 

DC- 10- 30 

805 

- 44 

-0.47 


2735 

-141 

-0.55 


6725 

-273 

-0.61 

B-7A7-200 

770 

- 25 

-0.28 


3460 

-116 

-0.55 


6195 

-236 

-0.61 


The estimated annual fuel savings per aircraft for the above block fuel 
savings are shown as follows: 
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ESTIMATED ANNUAL FUEL SAVINGS 
PER AIRCRAFT (3000 HRS) 

(Minimum Fuel Analylt) 


AIRCRAFT 

RANGE 

km 

FUEL 

Liters/AC /Year 

DC- 10- 30 

805 

104,200 


2735 

157,500 


6275 

300,000 

B-747-200 

770 

93,800 


3460 

187,500 


6195 

384,400 

The medium fuel prices assumed for the study are dependent on the aircraft 
mission. Prices ui ed were 14.5C/1 (5Sc/gal) for the DC-10- 30 (International) 
and 11.89C/1 (45c/gal) for the B-747-200 (US Domestic). The economic aaaesa- 
ment based on these prices is summarized in the following table: 

ECONOMIC ASSESSMENT OF 


HP TURBINE ROUNDNESS 


CONCEPT (3000 HRS) 


(Medium Range, Medium Fuel Price, 
Minimum Fuel Analysis) 

AIRCRAFT 

Payback 

(Years) 

ROI 

percent 

DC- 10- 30 

1.0 

100 

B-747-200 

1.25 

80 


Because of the increase in the cost of fuel by about 200 percent since 
the conduction of the feasibility analysis (Ref. 1) in 19/8, the payback and 
the return on investment of this concept would be substantially more favorable 
now. 
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7.0 SIMIARY OF RESULTS 


The high pre«8ure turbine roundneHs iaproveaent developed under thin pro- 
graa has been evaluated In an InatruMnted engine teat and an endurance teat. 
The sain rcaulta of these teata me aummar ized below: 


Inatruaiented Engine Teat 

In the Inatruaiented engine teat real time Stage I blade-to-ahroud clear- 
ance measurement a were obtained for a CF6-50 engine f»>r ateady-atate and tran- 
sient operation. The Improved high preaaure turbine concept alhn/s a reduction 
in HPT running clearances of 0.38 mm (0.015 in). 

This clearance reduction translates in an improvement of 0.58 percent in 
turbine efficiency and a 0.31 percent reduction in specific fuel consumption 
at takeoff pt)wer. The equivalent cruise sfe reduction was 0.22 percent. 

The above improvement is for a new engine; for a long-term engine (3000 
hrs) the roundness Improvement amounts to 0.50 percent in cruise sfc. 

Endurance Test 

The CF6-50 static endurance test demonstrated the life capability i>f the 
HP turbine roundness hardware In 8A2 flight cycles with indications only 
minor distress. 
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APPENDIX A 


QUALITY ASSURANCE 


INTRODUCTION 


The quality proKram applied to this contract Is a documented system 
throughout the design, manufacture, repair, overhaul and modification cycle 
for gas turbine aircraft engines. The quality system has been constructed to 
comply with military specifications MIL-Q-9858A, MIL-I-A5208, and MIL-STD-45662 
and Federal Aviation Regulations FAR-143 and applicable portion of FAR-21. 

The quality system and Its Implementation are defined by a coisplete set of 
procedures which has been coordinated with the DOD and FAA and has their con- 
currence. In addition, the quality system as described In the quality program 
for this contract has been coordinated with NASA-Lewls Research Center. The 
fol lending Is a brief synopsis of the system. 


QUALITY SYSTEM 

The quality system is documented by operating procedures which coordinate 
the quality-related activities In the functional areas of Engineering, Manu- 
facturing, Materials. Purchasing, and Engine Programs. The quality system Is 
a single-standard system wherein all pnxluct lines are controlled by the common 
quality system. The actions and activities associated with determination of 
quality are recorded, and documentation Is available for review. 

Inherent In the system is the assurance of conformance to the quality re- 
quirements. This Includes the performance of required Inspections and tests. 

In addition, the system provides change control requirements which assure that 
design changes are incorporated into manufacturing, procurement and quality 
documentation, and Into the products. 

Measuring devices used for product acceptance and Instrumentation used to 
control, record, monitor, or Indicate results of readings during inspection and 
test are Initially inspected and calibrated and periodically are reverlfled or 
recalibrated at a prescribed frequency. Such calibration Is performed by tech- 
nicians against standards which are traceable to the National Bureau of Stand- 
ards. The gages are Identified as a control number and are on a recall schedule 
for rever 1 f Icat Ion and calibration. The calibration function maintains a record 
of the location of each gage and the date It requires recal Ibratlon. Instruc- 
tions Implement the provisions of MIL-STD-45662 and the appropriate FAR require- 
ments. 

Work sent to outside vendors is subject to quality plans which provide for 
control and appraisal to assure conformance to the technical requirements. 
Purchase orders Issued to vendors contain a technical description of the work 
to be performed and Instructions relative to quality requirements. 
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Bngln* parts are Inapected to drciaaantaJ quality plana which define the 
charactarlatica to be inapected, the gagea and tools to be used, the conditions 
under which the Inspection is to be perfonsed, the sanpling plan, laboratory 
and special process testing, and the identification and record require»ents. 

Work Instructions are issued fot cosipl lance by operators, inspectors, 
testers, and aechanlcs. Component pait manufacture provides for laboratory 
overview of nil special and critical processea, including qualification ind 
certification of personnel. equipmc*nt and processes. 

When work is performed in accordance with work instructions, the operator/ 
Inspector records that the work has been performed. This is accomplished by 
the operatoi /inspector stamping or signing the operation sequence sheet to signi- 
fy that the operation has been performed. 

Various designs of stamps are used to indicate the inspection of status of 
work in process and finished items. Performance or acceptance of special proc- 
esses is indicated by distinctive stamps assigned specifically to personnel per- 
forming the process or Inspection. Administration of the stamp system and the 
issuance ol stamps are functions of the Quality Operation. The stamps are ap- 
plied to the paperwork Identifying or denoting the Items requiring control. 

When stamping of hardware occurs, only laborat«<rv approved ink Is used to assure 
against damage. 

The type and location of other part marking are specified by the design 
engineer on the drawing to assure effects do not compromise design requirements 
and part quality. 

Control of part handling, storage and delivery Is maintained through the 
entire cycle. Engines and assemblies are stored In special dollies and trans- 
portation carts. Finished asserbled parts are stored so as to preclude damage 
and contamination, openings are covered, lines capped and protective covers ap- 
plied as required. 

Nonconforming hardware Is controlled Iv. a system of material review at the 
component source. Both a Quality representative an<l an Engineering representa- 
tive provide the accept (use-as-ls or repair) decisions. Nonconformances are 
documented, including the disposition .md corrective action if applicable to 
prevent recurrence. 

The system provides for storage, retention for specified periods, and re- 
trieval of nonconformance document at Ion . Documentation for components Is tiled 
in the area where the component Is manufac t ured / Inspect ed . 
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APPEWDIX B - SYMBOLS 


ALF Aft Looking Forward 

2 2 

CDP Coaprassor Dlschargo Praaauro, N/ca (Ib/ln ) 

CRF Coapraosor Roar Fraaa 

HPT High Praaaura Turbina 

LPT Low Praaaura Turbina 

Fan Spaad, rpa 
N 2 Cora Spaed, rpa 

P^ Coapreaaor Exit Praaaura, N/ca^(lb/in^) 

ks ^ h 

SFC Spec i fir Fuel Consuapti?>n, ^ ) 

T^ Coapreaaor Exit Taaparature, °C(°F) 

T/C Tharaocouple 

TMF Turbine Midframe 

TKF Turbine Rear Frame 

w 

2c Core Inlet Flow, kg/aec (Ib/aec) 
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APPniDIX C - lt£FEM3iCES 


1. Paachlng, W.A., "CP6 Jat Englna Perfonaanca laprovavant Prograa," Taak 1 
PaaalblllCy Analyaia," NASA CF-1594)0 (CR R79AEC29&). March 1979. 

2. W.D. Howard, W.A. Faaching, "High Prvaaurc Turbine KoundneNa/Clearance 
F.valuat Ion," NASA CR- (Not Available)* 1982 
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